Abstract-The future upgrades of the CERN accelerator chain along with the future high-energy colliders, notably the future circular collider (FCC), will require high gradient quadrupoles. As part of the High Luminosity Large Hadron Collider (HL-LHC) project, the 11 T dipole was designed to be compatible with accelerator requirements and industrial production. It is based on the "pole-loading" concept. This allows shimming at the pole and uses the collars more efficiently for creating the coil prestress. MKQXF is a further application of the "pole-loading" concept for Nb 3 Sn quadrupoles. The pole region of the coils is identical to the 11 T dipole and the collared coil is based on dipole-type collars. This concept can be extended to any length and applied on both 1-in-1 and 2-in-1 configurations. For benchmarking purposes and to compare with the present base-line design of the HL-LHC IR quadrupole MQXF, based on the bladder-and-key concept, this conceptual study was made with identical coils and quasi-identical magnetic characteristics. The design features 140 T/m gradient in 150 mm coil aperture. This paper describes the design concept of MKQXF and the multiphysics finite element model, including the end regions. The design is described and the optimized assembly parameters and the effect of the manufacturing tolerances are presented.
I. INTRODUCTION

H
IGH gradient quadrupoles are required for future high energy colliders. Nb 3 Sn is the most likely option for the conductor technology, which sets stringent requirements for the coil fabrication technology and the mechanical structure of the magnet cold mass. To address the limitations [1] of design concepts developed in the frame of the US high field magnet programs and to make use of the extensive experience of collared coils, a new concept for a Nb 3 Sn dipole was developed and implemented in the CERN 11 T Dipole model magnet [2] . The main difference of the new concept from the US coil concept [2] is that it is based on the "pole-loading" concept ( Fig. 1) , in which the Ti-alloy pole is not part of the coil, but inserted during the assembly process.
The pole-loading concept has been further developed for Nb 3 Sn quadrupoles, namely the MKQXF. The pole region of C. Kokkinos is with FEAC Engineering P.C., Patras 26442, Greece (e-mail: charilaos.kokkinos@feacomp.com).
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Digital Object Identifier 10.1109/TASC.2018.2791946 Fig. 1 . The removable pole in the pole-loading concept allows shimming at the pole and uses the collars more efficiently for creating the coil pre-stress. the coils is identical to the dipole and the collared coil is based on dipole-type collars. The main advantage of using the dipoletype collars is that the collaring is done simultaneously over the entire coil length thus avoiding local shear stress in the coil, and the use of existing infrastructure (collaring presses) and well-known assembly procedures. The conceptual design study was conducted at CERN in 2014, with very promising results [1] . For benchmarking purposes and to compare with the present base-line design of the high luminosity-large hadron collider (HL-LHC) [3] IR quadrupole MQXF [4] , based on the bladder-and-key concept, this conceptual study was made with identical coils and quasi-identical magnetic characteristics (Fig. 2) .
Some limitations of the bladder-and-key concept, which are improved by this collared assembly include:
1) The need of an additional stainless steel shell [5] welded around the Al-shell for the He-containment of the cold mass.
1051-8223 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications standards/publications/rights/index.html for more information. 2) Assembly parameters which heavily rely on the data from the strain gauges, which in general have limited reliability when applied on the Nb 3 Sn coils. Usually an indirect signal is used for this purpose from the gauges mounted on the Al-outer shell [6] .
3) The G11 alignment key that is used for locking the Alcollars limits the available pre-stress and needs to be manufactured with some clearance, which is not ideal for the alignment function [6] , [7] . 4) The maximum bladder pressure which is about 55 MPa and the fact that the concept relies on the differential thermal contraction to bring the coil pre-stress to the required level during the cool down [6] , [7] . With this, the cold mass is not static with a dimensionally well-defined configuration, but instead there is a dynamic balance between the coils reacting against the outer shrinking cylinder. 5) A substantial stress gradient across the pole turns, as due to the integrated pole the coil inner layer shall be heavily compressed to provide adequate loading on the outer layer [5] , [8] . In addition, the bladder-and-key structure loads the coils in the vertical and horizontal plane (same plane as the mid-plane in Fig. 4 ). The coils are bend inwards via the mid-plane which results in the large stress gradient between the two layers [8] . Bonding the pole with the pole turn also requires higher pre-stress to avoid cracking at the interface due to unloading by the Lorenz forces. The design of MKQXF, featuring 140 T/m gradient in 150 mm coil aperture is significantly more demanding mechanically than the present future circular collider (FCC) [9] IR Quadrupole parameters (200 T/m, 90 mm aperture) and, as such, provides the FCC optics studies an idea of the upper limit of such magnet with presently available technology. This new concept can also be easily extended for the 2-in-1 configuration of any length that will be required for the FCC main quadrupoles.
II. MECHANICAL STRUCTURE
A. Main Design Features
The main features of the MKQXF design are illustrated in Fig. 3 . The Nb 3 Sn coils are epoxy impregnated with two winding layers. Filler wedges are used to align the pole an- gle of the inner and outer winding layers. Removable Ti-alloy pole-wedges, which at the mid-plane have a 12°taper, such that the long collars with similar taper push the wedge radially in during the collaring process. The coil is protected by 2-mm-thick stainless steel loading plates which also distribute pressure on the pole turns more evenly. Between the coil and the collaring shoe, ground insulation composed of 5 radial layers of 125 μm polyimide is placed. The inner-most layer (so-called trace), that is glued to the coils, to ensure good thermal contact, includes the protection heaters and the electrical circuits for the voltage taps and the strain gauges. The stainless steel collaring shoe protects the coils from the collars. Dipole-type collars (long and short) are pre-assembled as collar packs using pins and then assembled around the coil-assembly using tapered collaring keys. The laminated yoke is made in two halves, with a horizontal tapered split. Aluminum rods control the gap located on the yoke mid-plane. The magnet is enclosed by a 15-mm-thick stainless steel shell.
B. Coil Design
The two-layer coils are wound with a single length of Rutherford-type cable without an internal splice. The coil dimensions and the fabrication process are identical to the MQXF coils except for the pole region. The pole angle of the inner and outer winding layers is aligned by inserting additional filler wedge on the outer layer (Fig. 4) . To protect the coil and to distribute the pole pressure more evenly across the coil, 2-mmthick stainless steel loading plates are added at the pole and a separate impregnation pole provides the accurate size for the pole region of the impregnated coil.
In the coil ends the first end spacer, which is the extension of the pole, has a slot as shown in Fig. 5 . The "legs" of this spacer align with the loading plates of the straight section. A short pole wedge of 150 mm is used across this transition from straight to the end region. The pole adjustment shim between the collar and this short wedge is reduced by 0.2 mm further out thus reducing linearly the coil stress. This is to avoid a discontinuous stress pattern in this delicate area minimizing any shear stress in the reacted Nb 3 Sn coils. The first end spacer has a longitudinal slit to make it more flexible. The other end spacers feature similar swivel joints in the spacer "legs" similar to 11 T dipole spacers to minimize the risk of insulation damage during the fabrication process.
C. Collared Coil
The four impregnated coils are assembled together with the appropriate ground insulation that goes around the coil midplane and over the loading plate at the pole. The pole wedges are then inserted in the coils, which also secures the ground insulation in place. The collaring shoes are mounted around the ground insulation prior to pre-assembling the collar-packs. The collaring press (Fig. 6) has five contact areas with each collar, and pushes the upper collar pack towards the lower until the key-ways are aligned to allow the insertion of the narrow face of the tapered keys. Once the keys have been pushed in, the press is released and the collared coil is held together by the keys.
The pole wedges in the vertical axis are similar to the 11 T Dipole pole wedges with the alignment slot that locates the collar nose and transmits the vertical force from the collars to the pole wedge. In the horizontal plane the pole wedge has a 12°taper such that the long collars with similar taper near the horizontal plane push the wedge radially in during the collaring (Fig. 6 ). The stress relief notch in the pole wedges is essential for the stress distribution of the inner layer pole-turns.
On the outer radius the short collar is 0.5 mm smaller than the long collar. Therefore, the short collars can be considered essentially as fillers except for the mid-plane region, where they contribute to the lateral rigidity of the collared coil.
D. Yoke and Shell
The laminated iron yoke, with an outer diameter of 600 mm, is made of two halves with a horizontal split (Fig. 7) . The yoke inner diameter has line-to-line fit with the nominal collar outer contour. The yoke mid-plane is tapered such that with the contact on the inner radius the outer radius has a 0.05 mm gap in the free state. In single aperture quadrupoles, two heat exchanger tubes typically run through the yoke. For symmetry reason two additional holes are added in the yoke laminations and can be used for mechanical purposes. The Al-bars shown in Fig. 7 act as gap controllers allowing an accurate adjustment of the yoke gap during the assembly phase and protecting the coil from over-compression. During the cool down the gap controller shrinks away from the iron allowing the closure of the gap and hence ensuring static and rigid envelope around the collared coil. At cryogenic temperature, the yoke gap shall remain closed. This creates a very rigid structure to sustain the magnetic forces and to avoid coil deformation that could affect the quench performance and field quality.
E. Shim Locations
The pole-loading concept allows the tailoring of the coil precompression to counter-balance the effects of the electromagnetic forces and to minimize the stress gradients across the brittle Nb 3 Sn coils. The shim locations considered in this study are shown in Fig. 8 .
The pole and mid-plane shims are primarily used for the adjustment of the pre-stress and the radial shim between the collar and the coils can be used to compensate for the dimensional differences of the coils. In addition, the adjustment shim between the pole wedge and the collar can be used at the model phase to adjust the pre-loading by adjusting the radial position of the wedge relative to the coil without taking the coil assembly apart. There is a shim between the collared coil and the yoke that provides positive and negative adjustment of this interface. The contact area can also be limited to cover only part of the circumference, if necessary.
III. DESIGN GOALS
The design goals of MKQXF are summarized below: 1) The coils shall be solidly clamped to minimize any dimensional distortions and conductor movements. The maximum value for the acceptable coil stress is still a subject of debate in the magnet community, but keeping it below 165 MPa is generally considered safe. This limit is at any time during the assembly and powering of the magnet. 2) The stress distribution and deformation of the coils shall be symmetric, minimizing the stress gradients especially at the pole regions. The distortions from the quadrupole symmetry shall be minimized. 3) During collaring, the press shall provide the necessary vertical displacement to allow the insertion of the tapered keys into the keyways. The collars are dimensioned to provide most of the coil pre-stress in a well-controlled fashion during collaring with minimum spring-back and elliptical deformation. 4) The Al-bars inserted in the mid-plane holes determine the yoke gap during the assembly phase and after the welding of the outer shell. The yoke gap shall close during the cool down and remain firmly closed up to the ultimate design gradient of 155 T/m. 5) Weld shrinkage of up to 1 mm can be obtained with present welding techniques and the stainless steel outer shell tension shall be kept below 230-250 MPa at the ambient temperature, depending on the steel grade. 6) At the pole regions the Lorentz forces are unloading the coil from the poles. Contrary to the coils with integrated poles, the pole-loading concept is not expected to show degradation even in the case of complete unloading, as the pole is not bonded to the coils. For modeling reasons, however, for this Finite Element Analysis (FEA) the maximum allowed tensile stress at the pole turns was set to 10 MPa.
IV. 2D MODEL
A. Electromagnetic Analysis
The electromagnetic model is analyzed in MAXWELL [10] , ROXIE [11] & PITHIA [12] to compare results between the finite (FEM) and the boundary element method (BEM).
PITHIA is an advanced Boundary Element Method solver for large-scale linear and non-linear magnetic problems. By employing hierarchical matrices, the final matrix of algebraic equations results to a sub-matrix structured system. The Adaptive Cross Approximation technique [13] is applied to sub-matrices with obvious memory and computational gain, while the final system is solved via the iterative method GMRES. Those advanced features enable PITHIA to solve successfully and accurately magnetic problems with more than two millions degrees of freedom.
A non-linear BH-curve is used to describe the magnetization of the yoke. In PITHIA only the boundaries of the model are meshed and internal points are added where the results are computed. In MAXWELL, the mesh consists of triangular elements, generated by an adaptive analysis until the energy error is less than the target of 0.01%. The magnetic flux density at the nominal (140 T/m) is shown in Fig. 9 . The electromagnetic forces computed in MAXWELL were mapped onto the structural mesh. 
B. Structural Analysis
The multi-physics model is solved in the integrated design environment of ANSYS [10] . The model utilizes the plane stress boundary normal and includes a friction coefficient of 0.2 at all contact interfaces [14] . The material properties of the coil are identical to the ones used in the MQXF model [8] . The rest parts of the mechanical structure have identical properties with the 11 T Dipole model [2] . All parts have been modeled with isotropic properties except for the coil which are modeled with anisotropic material properties.
Six load-steps (LS) were considered in the FEM: LS1: Under collaring press with the key-ways aligned. The design study converged to a radial shim thickness of 0.38 mm at the collars-yoke interface, while in the region of the vertical pole the additional radial shim is 0.41 mm thick. At the vertical poles -loading plate interface the azimuthal shim is 0.22 mm thick, while the similar one at the horizontal pole is 0.15 mm thick. An azimuthal shim of 0.28 mm is added on the coil's mid-plane. The weld shrinkage is 0.96 mm.
The azimuthal coil stress evolution for the six load steps is presented in Fig. 10 . Under the collaring press, the peak stress is −111 MPa in the inner layer, near the vertical pole wedge. After releasing the press, the spring back and stress re-distribution reduces the coil stress by 25 MPa. The yoke assembly increases the coil compression by about 50 MPa. During cool down to (Fig. 6 ) on its outer diameter and the horizontal deformation measured at the Pr-H probe (Fig. 6) can be seen. The trend for the coil and the collars is similar. 4 .2 K, the collared coil contracts more than the yoke and the pre-compression is reduced by about 30 MPa. At 140 T/m & 155 T/m the very rigid structure keeps the stress distribution very uniform, inside the safe stress levels. At 155 T/m the coil stress at the poles is 5 MPa in tension. The stress distribution across the coils is very uniform at all stages, which is particularly important in the pole regions that see largest stress variation of in operating conditions.
At the coil mid-plane, the maximum stress on the inner layer ranges from −136 to −153 MPa at 155 T/m. After collaring and after shell welding, the stress at the horizontal and vertical pole has a maximum difference of about 10 MPa. As the yoke gap is slightly open at RT, there is still a slight asymmetry in the stress distribution of the coils. After the cool down, the yoke gap is firmly closed and the stress distribution is almost perfectly symmetric in the coils.
On the collars, the five contact areas with the collaring press and the areas around the keys typically plastify due to the stress concentration. Except for these areas, the stress level stays well within the elastic zone at all times.
The general rigidity of the yoke laminations is reduced by the heat exchanger holes and the horizontal split plane. During the yoke assembly the interference between the collared coil and the yoke around the vertical axis induce slight bending of the yoke lamination around the collared coil. To compensate for this and to store the strain energy in the yoke the mid-plane has a slight taper. Along the horizontal plane the contact pressure at the collar-yoke interface is enough to bend the region between the heat exchanger hole that houses the Al-bar and the collared coil.
After the welding process, the peak value of 377 MPa at the shell is localized in the welding area, while the mean stress in the remaining 95% of the part is below 209 MPa.
Under the press the coil assembly deforms elliptically outwards along the horizontal axis, while after spring back the elliptic deformation is along the vertical axis (Fig. 11) . After the yoke assembly the yoke gap is slightly open and determined by he Al-bars and hence some elliptic deformation remains visible in the coils. During cooling down the yoke gap is firmly closed restoring the circular symmetry of the coil assembly. During excitation until 140 T/m, the mid-turn deform by 48 μm and 30 μm on the inner and outer layer, respectively. The horizontal pole turns are solidly clamped. The trend for the coil and the collars is similar. The contact pressures show that at ambient temperature, the yoke gap is defined by the Al-bars, while at cryogenic temperature the yoke gap is firmly closed, starting from the inner diameter towards the outer.
C. Magnetic Field Quality
The deformed shape from the structural analysis was imported in ROXIE to verify the magnetic field quality in the magnet's aperture. The multipoles arising from the mechanical deformation are summarized in Table I and confirm the minimal distortion of the quadrupole symmetry along with a very high structural rigidity. The iron saturation, persistent current effects and systematic errors were excluded from the analysis. The systematic offsets of b4 and b6 can easily be suppressed by fine-tuning the coil dimensions and shimming, if required.
D. Design Space & Sensitivity Analysis
The sensitivity analysis is conducted in ANSYS DesignXplorer. Eight input parameters were chosen for this study (Table II) , corresponding to 81 sampling points with the CCD (Central Composite Design) algorithm [15] . The produced response surface is a full 2nd-order polynomial. The values of the tolerances used, are taken from the 11 T Dipole magnet.
The local sensitivity chart of Fig. 12 shows graphically the impact of each input parameter change on the coil peak stress. With the current shim plan, the coil's azimuthal size and outer diameter affect more the maximum azimuthal stress on the coil Fig. 12 . Sensitivity chart for the coil's peak stress. A positive local sensitivity value denotes a positive input -output correlation that is if an input parameter is increased, the output is also increased. The opposite is denoted accordingly by a negative value. The higher the bar of one input parameter, the more it affects the corresponding output parameter. than the other parameters. An increase of 0.1 mm of the coil's azimuthal length corresponds to an increase of its peak azimuthal stress at 155 T/m (LS6) by 25 MPa. Similarly, an increase of 0.075 mm of the coil's outer diameter corresponds to an increase of its peak azimuthal stress at 155 T/m (LS6) by 15 MPa.
The response surface in Fig. 13 shows that the design space available, where the coil's maximum azimuthal stress is below 165 MPa in compression, is not very limited. The response surfaces of the rest load-steps present an even wider design space. Thus, the structure is not very sensitive.
V. 3D MODEL
A. Mechanical Design of the End Region
The scope of the 3D model is to focus on the end region of the magnet and to understand the behavior of the assembly along the longitudinal axis. An excessive deformation of the coil block might cause irreversible degradation of the conductor. It is crucial to keep its longitudinal elongation due to the axial magnetic forces within safe limits. The design philosophy of the end region is similar to the 11 T Dipole (Fig. 14) . Two rings, one on each side of the magnet, are welded to the end plates of the magnet and the shell. Four stainless steel tie rods, of 30 mm diameter, mounted at 45°d egrees, 190 mm from the center of the bore, pass through the yoke laminations and connect the two end plates. The rods decrease the deformation of the end plates, thus reducing the elongation of the coil. Four bullets per end plate provide the option to fine-tune the applied axial pre-stress on the coil. To protect the coil from the bullets and to evenly distribute the applied pre-stress caused by them, a smaller plate is inserted between the coil and the end plate.
B. Electromagnetic Analysis
Similar to the 2D electromagnetic analysis, the model is analyzed in MAXWELL (Fig. 15) , ROXIE & PITHIA. The three codes are in very good agreement (Table III) .
C. Structural Analysis
Four load steps (LS3, LS4, LS5, LS6) were considered in the 3D model. Typically, the elongation of the conductor during powering shall be kept below 0.3% of its total. The same limit was used on the 11 T dipole magnet as well, such that for a 2 m long demonstrator magnet the limit is 6 mm, while for the 5.5 m long full length magnet the limit is 16.5 mm. The length of the model in the FEA is 1.55 m, thus providing a maximum allowed elongation of 4.65 mm, between LS4 and LS6. The E-modulus of the stainless steel rods that connect the two end plates of the magnet was scaled down to the length of 1.55 m, to accurately model the behavior of the assembly over the total length of the magnet.
Several scenarios were studied during the optimization including three main parameters: (i) the end plate's thickness (ii) the introduced gap, which simulates the applied pre-load by the bullets, in the bullets-coil end plate interface and (iii) the addition of tie rods, which connect the two endplates. The design converged to a model with 4 bullets, a 50-mm-thick endplate, 4 rods of 30 mm diameter and pre-tension on the bullets that corresponds to an induced gap at the bullets -coil end plate interface of 0.5 mm.
At the yoke assembly stage (LS3), the end plate deforms due to the tightening of the bullets (Fig. 16) . The bullets push against the coil, which at the same time is elongated due to the poisson effect by the pre-stress applied at the poles through the horizontal and vertical shims. During cooling down (LS4), the coil shrinks more than the system of the rods with the end plates and the bullets. At 140 T/m and 155 T/m this system provides a rigid longitudinal envelope allowing the coil to only elongate by 0.44 mm from its initial position at 4.2 K. The coils remain in compression at all stages of the assembly and while powering up to 155 T/m.
The 3D model replicates very well the stress field distribution in the coil of the 2D model, in any xy-plane along the straight section (Fig. 17) . Similarly, the results of the 3D model are in agreement with those calculated by the 2D model.
VI. CONCLUSION
A detailed structural optimization of the new Nb 3 Sn quadrupole design concept based on pole-loading and dipoletype collars has been carried out using fully parametric multiphysics FE-model and advanced CAD tools. The FEA shows that coil pre-stress can be applied in a well-controlled manner during the collaring and easily tunable shimming allows the compensation of coil dimensional variations and mechanical tolerances of the magnet components. To counteract the very large electro-magnetic forces the pole-loading concept provides the "tuning knobs" to tailor the coil pre-stress such that it is the highest at the pole and the lowest at the coil mid-plane at 0-current. The tapered-shape of the mid-plane poles together with the dipole-type collars makes it possible to carry out the collaring process in a dipole-type press and simultaneously over the entire coil length. The very rigid collars minimize the elliptic deformation after the collaring.
The horizontally split iron yoke with a closed gap at operating temperature up to the ultimate design gradient of 155 T/m provides a very rigid structure around the coils minimizing any conductor movements and distortions from the ideal coil geometry. The Al-bars control the yoke gap during the assembly phase and limit the stress level in the coils. The stainless steel shell assembly parameters are achievable and the stresses remain at an acceptable level at all times.
The sensitivity analysis shows that the tolerances used in the study, originating from the 11 T dipole experience, create a design space, which is within the acceptable limits for all components. As expected, the dimensional tolerances on the coil size play the most important role on the maximum coil stress level, underlining the need for high precision metrology of the coils to carefully determine the assembly parameters. During the model magnet phase the shims can easily be adjusted to generate the required pre-stress levels and to compensate for the field errors.
The mechanical design of the end region, including four tie rods, four bullets per side and a 50-mm-thick end plate, provides the necessary rigidity to the structure and minimizes effectively the elongation of the coil. The 3D model confirms the 2D results and the overall behavior of the structure.
